Abstract: Chimeric antigen receptors (CARs) have been used extensively in adoptive immunotherapy to modify T lymphocytes (CTLs), conferring the effector abilities of these cells towards a tumor-associated antigen (TAA). However, the ability of a CAR to redirect the effector function in a range of immune cells has not been well characterized, mainly due to the limitations in current genetic modification techniques. To overcome these limitations, we used the rapid technique of electroporation to transiently modify a macrophage, CD4
INTRODUCTION
Adoptive immunotherapy is a promising treatment for cancer, which has been shown to be particularly effective against metastatic melanoma [1, 2] . To date, CD8 + CTLs have been the main effector cell used in adoptive immunotherapy, however growing evidence supports the use of CTLs simultaneously co-transferred with CD4 + helper T cells (Th) [3] [4] [5] [6] [7] . The co-transfer of CD4 + T cells has been shown to amplify and sustain the actions of CTL effector cells, as well as enhance the infiltration and persistence of CD8 + T cell numbers in the tumor mass [8] . In addition, secretion of IL-2 by CD4 + Th cells has been found to stimulate the differentiation of naive CD8 + cells into both effector CTLs and long term CD8 + memory T cells [6] , and shown to be integral in the survival of CTLs after a second encounter with the target antigen [9] [10] [11] [12] . Furthermore, the co-transfer of specific CD4
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+ T cells (5-10%) which resulted in greater tumor reduction [13] .
While the combination of CD8 + and CD4 + T lymphocytes has shown great potential in adoptive immunotherapy, the anti-tumor functions of other immune cells expressing a chimeric antigen receptor has yet to be explored fully. It is apparent that re-directing tumor specificity through genetic modification with CARs can lead to an improved anti-tumor response. However, due to the limitations with current methods of genetic modification, it is difficult to transduce other innate and adaptive immune cells with a CAR.
Therefore, in order to determine the anti-tumor function of murine T cell lines in addition to a macrophage cell line, we utilized the rapid method of electroporation. Using electroporation, we aimed to compare the expression and function of a CAR when driven by three different promoters, CMV, Vav and LTR. The CMV and LTR promoters are viral promoters while the Vav promoter is endogenously expressed. In physiological conditions, the Vav promoter drives the expression of the Vav gene, a member of the family of guanine nucleotide exchange factors. The protein isoform Vav1 is expressed in a pan-hematopoietic manner and is crucial in the development of B and T lymphocytes and for function of Natural Killer cells [14] [15] [16] [17] [18] .
While the CMV and LTR promoter are well characterized and commonly used in genetic modification [12, 19] , few studies have demonstrated the ability of the Vav promoter to be used in genetic modification of immune cells. Previous studies have highlighted the ability of the Vav promoter to drive the expression of a transgene in an in vivo model [20, 21] , however little is known about its ability to drive CAR expression in an in vitro context. Therefore, we generated a vector containing a CAR under the control of the Vav promoter in order to test its ability in an in vitro setting.
The CAR utilized in this study was comprised of a single chain variable fragment (scFv) specific for erythroblastic leukemia viral oncogene homolog 2, ErbB2, also known as the tyrosine kinase-type cell surface receptor, Her-2. This was linked to an extracellular c-myc region (for detection of CAR expression), which was further joined to the intracellular signaling CD28-CD3ζ tail. Basal expression of ErbB2 can be detected on epithelial cells in areas such as the lungs, breast, and ovaries, however upregulation of ErbB2 expression has been correlated with poor prognosis in malignancies including breast and ovarian cancer [22, 23] .
In this study, we utilized electroporation to genetically modify a range of murine T cell lines in addition to a murine macrophage cell line to express a CAR. A comparison was made between the ability of three different promoters (CMV, LTR and Vav) to drive CAR expression. A selection of murine hematopoietic cell lines, in particular a macrophage, CD4 + T cell (Th1), CD4 + T cell (Th17) and CD8 + T cell line were transiently modified to express the CAR. Having established the expression of the receptor on each cell line, the degree of response from these genetically modified cells when cultured against antigen positive target cells was assessed using cytokine secretion assays.
MATERIALS AND METHODS

Cell Lines
All cell lines used in this study were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA) with the exception of the murine sarcoma line, 24JK, (kindly provided by Dr. P. Hwu, National Institute of Health (NIH), Betheseda, MD) [24] and 14.1 (kindly provided by Dr. J.A. Berzofsky, NIH, Betheseda, MD) [25] .
The murine macrophage cell line RAW 264.7 and murine T cell lymphoma EL4 were cultured in Dulbecco's modified eagles medium (DMEM) (Life Technologies, Gibco, Grand Island, NY) supplemented with 10% heat-inactivated fetal calf serum (FCS) (MultiSer, Thermo Trace, Melbourne), 2 mM glutamine (Gibco), 0.1 mM non-essential amino acids (NEAA) (Gibco), 1 mM sodium pyruvate (Gibco), 100 g/mL streptomycin (Sigma-Aldrich, St Louis, MO) and 100 U/mL penicillin (Sigma-Aldrich) in an incubator at 37 o C with 10% CO 2 .
The murine CD4 + T cell line 14.1 and murine sarcoma cell lines 24JK and 24JK-ErbB2 were cultured in Roswell Park Memorial Institute media (RPMI) (Gibco) with additives (as described above). The murine CD8 + CTL cell line, CTLL-2, was maintained in RPMI (Gibco) with additives and 20% heat-inactivated FCS (MultiSer). Both CTLL-2 and 14.1 cells were supplemented with 50 IU/mL of human recombinant interleukin-2 (rhIL-2) (Biological Resources Branch, National Cancer Institute, Frederick, MD) every second day.
Plasmids
The CAR expressing the scFv-anti-ErbB2-CD28-CD3ζ receptor contained the extracellular scFv-anti-ErbB2 monoclonal antibody (mAb) region (kindly provided by Dr. Winfried Wels). The CMV-CAR (present in the PMAX plasmid) was generated by Dr. Hollie Pegram (Peter MacCallum Cancer Centre (PMCC), Victoria, Australia). The LTR-CAR (present in the pLXSN plasmid) was generated previously [26] . The CMV-GFP (present in the PMAX plasmid) was supplied by Lonza (Basel, Switzerland). The HS21/45 Vav hCD4 plasmid was generously provided by Dr. Jerry Adams (Walter and Eliza Hall Institute, Melbourne, Victoria, Australia). The CAR incorporated into the HS21/45 plasmid (containing the Vav promoter) was generated in our laboratory using standard molecular biology methods.
Electroporation
Transfection of the CAR plasmid into the selected cell lines was performed using the Nucleofector (Lonza). Specific optimized protocols for each cell line were used as per the manufacturer's instructions. Each specific program utilized the optimal voltages as determined by the manufacturer. Preliminary data regarding the expression of GFP in all cell lines utilized the Nucleofector Kit V (Lonza).
Briefly, 5 x 10 6 of each cell line was centrifuged at 90g for 5 minutes, washed in PBS containing 0.5% FCS and centrifuged at 90g for 10 minutes. Cells were then resuspended in 100 l of Nucleofector solution (Kit V) and mixed with 10 g DNA prior to transfer to a cuvette. EL4 cells were electroporated with the pre-optimized program C-009 and immediately plated into pre-warmed media with supplements in a 6-well plate. The same method was applied to RAW 264.7 cells using program D-032. Optimized protocols for CTLL-2 and 14.1 cell lines were not provided by the manufacturer, thus the program X-001 and C-009 were used respectively, as they were optimized for other murine CD8 + and CD4 + cell lines.
Low viability and poor DNA expression in both CTLL-2 and 14.1 cell lines prompted the comparison between programs within the Nucleofector V program and the Nucleofector Mouse T Cell Kit (Lonza), which is specifically optimized for both primary murine T cells and T cell lines. Similar to the Nucleofector Kit V protocol, 5 x 10 6 cells of each cell line were resuspended in either Nucleofector Kit V solution or Nucleofector Mouse T Cell Kit solution. Four micrograms of CMV-GFP were added to each solution. Cells resuspended in Nucleofector Kit V solution were subjected to electroporation under the programs C-009 or X-001, both optimized by the manufacturer for two types of CD4 + T cell lines, EL4 (murine) and Jurkat (human) respectively. The cells were then added to 2 mL of pre-warmed RPMI with supplements. Cells resuspended in the Nucleofector Mouse T Cell Kit were electroporated using the program X-001 and added to 2 mL of pre-warmed Mouse T Cell Media with the addition of 5% FCS, 1% 200 mM glutamine, in addition to supplements provided by the manufacturer. Fifty international units (IU)/mL of IL-2 were added to each well every alternate day.
Flow Cytometry
Expression of the CAR and GFP was assessed using flow cytometry. Twenty microlitres of Fc block (2.4G2 hybridoma supernatant) was added to RAW264.7 cells 10 mins prior to antibody staining. Cells electroporated with the CAR were primarily stained with purified anti-c-myc antibody (Cell Signaling, Beverly MA, USA) or purified isotype antiIgG2a (BD Bioscience, San Jose, California USA). Cells were then stained with anti-mouse Ig conjugated to phycoerythrin (PE) (Chemicon, Melbourne, Australia). 
ELISA and Cytometric Bead Array (CBA)
Transfected cells expressing either CMV-CAR or CMV-GFP were co-cultured with the following conditions; RPMI alone, phorbol myristate acetate (PMA) (Sigma) plus ionomycin (Sigma) as a positive control, purified anti-IgG2a or purified anti-c-myc antibody in addition to antigen negative and positive target tumor cells, 24JK and 24JK-ErbB2. Target cells were resuspended to a total of 1 x 10 6 /mL in RPMI containing supplements and aliquoted into a 48 well plate at a total concentration of 2.5 x 10 5 . Plates were incubated at 37 o C with 5% CO 2 for one hour prior to the addition of effector cells. Transfected cells expressing the CAR or GFP were resuspended at the same concentration as target cells (1  x 10 6 /mL) and aliquoted at a 1:1 ratio of target:effector cells.. The plates were incubated overnight at 37 o C in 5% CO 2 . Following overnight incubation, the supernatant was harvested, and analyzed by ELISA using standards for either IFN-γ (Pharmingen) or IL-2 (eBioscience). The absorbance was analyzed using a Benchmark microplate reader (BioRad, Hercules, CA, USA) at 405 nm with Softmax Pro software (Molecular Devices, Sunnydale, CA). Interleukin-17 secretion from EL4 cells was determined by cytometric bead array (CBA) (BD Bioscience). Supernatants from coculture experiments using CMV-CAR and CMV-GFP transfected EL4 cells were used as samples in this experiment. Analysis was performed via flow cytometry.
Statistical Analysis
Unless otherwise stated, statistical significance for all experiments was determined using Student's unpaired t-test and Graphpad Prism (Graphpad Software, San Diego, California). The standard error of the mean (SEM) was calculated to produce error bars in graphs.
RESULTS
Optimization of Expression of Transgenes in CTLL-2 and 14.1 Cell Lines by Electroporation
We first set out to determine the efficiency of electroporation for genetically modifying our range of immune cells. Previously, genetic modification with the anti-ErbB2-CD28-CD3z receptor in our laboratory had utilized retroviral transduction, a method allowing for stable expression of the transduced gene. However, as DNA constructs larger than 5 kb are difficult to express by retroviral transduction [27] , and given that production of retroviral vectors is time consuming, we used electroporation as an alternative method of genetic modification. Before assessing the expression and function of the CAR plasmid in various immune cells, we wanted to determine the ability of our selected immune cell lines to express DNA using the method of electroporation.
Using the reporter gene GFP, we electroporated the cell lines with their corresponding pre-set programs as determined by the manufacturer. Pre-set programs for the cell lines, EL4 and RAW 264.7 were provided, however programs for both CTLL-2 and 14.1 cell lines were not available. Therefore, we optimized the protocols for CTLL-2 and 14.1 using programs from the Nucleofector Kit V (Kit V), which is used for a general range of cells, and the Nucleofector Mouse T Cell Kit (Mouse T Cell Kit), specifically optimized for primary T cells as well as T cell lines.
We sought to compare the optimal T cell programs from both Kit V protocols optimized for immortal T cell lines to and the Mouse T Cell Kit for CTLL-2 (CD8 + T cell) and 14.1 (CD4 + T cell) cell lines. The Nucleofector Kit V provided the pre-optimized program C-009 for electroporation of EL4 (a mouse CD4 + T cell line) and the pre-optimized program X-001 for Jurkat (a human CD4 + T cell line). The Mouse T Cell Kit utilized the program X-001. The cell lines were then electroporated with CMV-GFP plasmid DNA using all three programs to determine the optimal kit and program for the CTLL-2 and 14.1 cell line. Flow cytometry was performed on cells to determine the relative viability and GFP expression using all three programs (Figs. 1a and 2a) . There was no significant difference in viability between Nucleofector programs. (Figs. 1b and 2b) .
As the level of DNA expression induced by each program was an important parameter, we also compared the expression of GFP in these cell lines through analyzing the mean fluorescence intensity (MFI) of the GFP positive population. In order to reduce the day to day variation, the MFI of GFP positive cells was normalized to the corresponding MFI of GFP expressing cells generated using the C-009 program. Using this method of analysis, we demonstrated that both CTLL-2 and 14.1 cell lines displayed significantly increased GFP expression (P(14.1) <0.02, P(CTLL-2) <0.01) using the Nucleofector Mouse T Cell Kit (Fig. 1c and 2c) .
We observed a similar trend when observing the proportion of GFP positive population (normalized to the GFP positive population observed with the program C-009) (Figs.  1d and 2d) . This suggested that the Mouse T Cell Kit provided greater transduction efficiency than the Kit V for both CTLL-2 and 14.1 cell lines. Therefore, all subsequent ex-periments involving CTLL-2 and 14.1 cell lines were performed using the Mouse T Cell Kit.
DNA Expression in Electroporated Cell Lines is Optimal at 24 Hours
Having determined the optimized protocol for each individual cell line, the next aim in our study was to determine the timepoint of optimal expression in each cell line. Cell lines were electroporated with CMV-GFP and the level of GFP expression was tracked over a 5 day period (Fig. 3) . While the level of GFP expression was relatively similar between all cell lines from day 2 onwards, there was a significant increase in GFP expression between day 1 and day 2 for EL4 and 14.1 cell lines (P(EL4) <0.01, P(14.1) <0.04, Student's unpaired t-test). In addition, the viability of the GFP-expressing cells was observed to be greater at day 2 compared to day 1 (data not shown). For that reason, we decided that day 2 was the optimal timepoint for analysis of expression and subsequent functional analysis.
Expression of CARs is Highest when Driven by the CMV Promoter
After identifying the optimal electroporation protocols and timepoint for transgene expression using GFP driven by the CMV promoter, we next determined the ability of the different promoters to drive CAR expression. We initially chose to utilize one reporter cell line EL4 as it had the highest level of GFP expression over the 5 day period (Fig. 3) and in addition was more viable post-electroporation than the other cell lines.
EL4 cells were electroporated with vectors containing the CMV-CAR, LTR-CAR and Vav-CAR as well as CMV-GFP as a positive control. CAR expression was then analyzed using flow cytometry over a 5 day period. In the representative histogram (Fig. 4) , the expression of GFP remained high throughout the 5 day period, ranging from 49.05 ± 12.01 to
Fig. (3). Kinetic analysis of GFP expression in transfected cells over a 5 day timepoint. The indicated cell lines were electroporated with CMV-GFP using the Nucleofector instrument (refer to Methods and Materials) and incubated over a 5 day period. (a) GFP expression was assessed via flow cytometry and represented as a percentage of total live cells as indicated (D1-D5
). Expression in EL4 and 14.1 cell lines is significantly greater at day 2 compared to day 1. Data shown is a combination of three independent experiments. Error bars represent SEM. (P(CTLL-2) <0.5, P(EL4) <0.01, P(RAW 264.7) <0.09, P(14.1) <0.04, NS = Not significant, Student's unpaired t-test). Fig. (4) . Chimeric antigen receptor expression is highest under the CMV promoter in EL4 cells. EL4 cells were electroporated with DNA as indicated in the figure key, using Nucleofector program C-009. CMV GFP was used as a positive control for the CMV promoter. DNA expression was assessed via flow cytometry over a period of 5 days and represented as a percentage of total live cells as indicated (D1-D5). DNA driven by the CMV promoter is shown to induce high levels of expression when compared to both LTR and Vav driven DNA. Data shown is a combination of four independent experiments. Error bars represent SEM. (P(D1) <0.0006, P(D2) <0.0001, P(D3) <0.0002, P(D4) <0.01, P(D5) <0.09, NS = Not significant, Student's unpaired t-test).
85.55 ± 2.85 (mean percentage of the positive population (Mean) ± standard error of mean (SEM)). The expression of the CAR under the same promoter (CMV) was observed to be greater than both the LTR and Vav promoters, with maximum expression at the day 2 timepoint (76.65 ± 3.05, Mean ± SEM). The degree of CAR expression under the LTR and Vav promoters was minimal in comparison to the CMV promoter at all time points (LTR-CAR 4.34 ± 0.85, Vav-CAR 6.56 ± 1.35, Mean of 5 timepoints ± SEM).
This data suggests that the highly active CMV promoter was successful in driving the expression of the CAR in EL4 cells. As the main aim of our study was to use electroporation as a rapid means to determine the function of a range of hematopoietic cell lines expressing the anti-ErbB2 CAR, the next step was to validate the ability of our cell lines to express a functional CAR. Having established the high level of activity of the CMV promoter in EL4 cells, we utilized the CMV-CAR to induce expression of the CAR in the other cell lines. In addition, as the ability of the Vav promoter had shown high levels of expression in both previous in vivo analyses [20, 21] , we investigated whether the low expression of the Vav-CAR was specific for the EL4 cell line (Fig.  4) and whether this low expression extended to the other cell lines. We then electroporated our range of cells with both CMV-CAR and Vav-CAR DNA and observed the level of CAR expression over a period of 5 days (Fig. 5) . We observed a consistently higher level of CAR expression under the CMV promoter in comparison to the Vav promoter throughout our range of cells (Fig. 5) , shown to be significant at day 2 for three of the four cell lines (P(CTLL- 2) <0.07, P(EL4) <0.0001, P(RAW 264.7) <0.01, P(14.1) <0.02, Student's unpaired t-test). Although the expression of CMV-CAR was higher at day 2 for only EL4 cells, taking into account the viability of the cells, we decided to continue our functional studies at day 2. Consistent with the expression of the Vav-CAR in EL4 cells, we observed a similar low level of Vav-CAR in the other cell lines, indicating that although the Vav promoter was able to drive a low level of CAR expression in a range of cell lines, the level observed was significantly lower than the CMV promoter. As the MFI of the CMV-CAR was significantly greater than the Vav-CAR at all time points observed, we utilized the CMV-CAR to perform all subsequent functional analysis.
CAR-expressing Cells Exhibit Antigen-specific Function Following Receptor Ligation
After establishing the expression of CMV-CAR in our cell lines, we aimed to determine the response of these transfected effector cells against target cells expressing the ErbB2   Fig. (6) . CAR ligation induces antigen-specific cytokine secretion from immune cells. Specific cytokine secretion from (a) 14.1 cells, (b) CTLL-2 and (c) EL4 cells. These cells were electroporated with CMV-GFP or CMV-CAR and co-cultured with the indicated conditions. Target cells, 24JK and 24JK-ErbB2, were cultured in a 1:1 ratio with effector cells. After overnight co-culture, analysis of the harvested supernatant was performed using ELISA. Data shown is a combination of (a) 8 experiments (b) 2 -5 experiments and (c) 6 experiments. Statistical analysis was used to compare the level of cytokine secretion between anti-c-myc antibody (tag) and IgG2a conditions, and 24JK and 24JK-ErbB2 conditions. (**** P <0.0001, ** P <0.005, * P<0.01, NS >0.05 (not significant), Student's unpaired t-test). Error bars represent SEM. PMA/Iono = positive control stimulation by PMA plus ionomycin (see Methods).
antigen. As IFN-γ is an important cytokine in immune activation, and is secreted from T lymphocytes in response to antigen recognition [19, 28] , we regarded the release of IFN-γ in response to receptor ligation as an indicator of T cell activation in our study.
14.1 cells expressing the CAR were able to significantly secrete IFN-γ upon receptor ligation with the plate bound immobilized anti-c-myc antibody in comparison to both isotype IgG2a and GFP-expressing cells as assessed by ELISA (Fig. 6a) (P<0.0001 (CMV-CAR anti-c-myc vs. CMV-CAR IgG2a). Significance did not extend to CAR-expressing cells co-cultured with 24JK-ErbB2. However, a significant increase in IFN- secretion was observed when CTLL-2 cells, transduced with CMV-CAR, were co-cultured with 24JK-ErbB2 compared with 24JK (Fig. 6b) .
Interleukin-2, another major cytokine in T lymphocyte biology has been shown to facilitate the growth and proliferation of T lymphocytes, in particular in response to antigen stimulation [29] [30] [31] . We observed antigen-specific IL-2 secretion by EL4 cells when co-cultured with the immobilized antibody anti-c-myc tag (Fig. 6c) (P<0.005 (CMV-CAR antic-myc vs. CMV-CAR IgG2a), but not when co-cultured with target cells 24JK-ErbB2. We also investigated the secretion of IL-17 from EL4 cells and observed antigen-specific release of IL-17 when stimulated with both immobilized antibody anti-c-myc tag, as well as antigen positive target cells 24JK-ErbB2 (Fig. 7) (11.1± 1.5 ng/ml anti-c-myc vs. 2.0 ± 0.3 ng/ml IgG2a P<0.0002, and 3.7 ± 0.6 ng/ml for 24JK-ErbB2 compared to 2.1 ± 0.4 ng/ml for 24JK P<0.04, Mean ± SEM). Importantly, we demonstrated through using the method of electroporation, the ability of cell lines transduced with the CMV-CAR to secrete cytokine in an antigenspecific manner, against both immobilized antibody and antigen positive target cells. (Fig. 6 and 7) .
DISCUSSION
Immunotherapy is a promising treatment for cancer. Adoptive immunotherapy, in particular, has been demonstrated to be effective in treatment of cancers such as melanoma and viral associated malignancies [32, 33] . Furthermore, adoptive immunotherapies have also been tested in other types of cancer such as leukemia and neuroblastoma, in both mouse models and clinical trials [33] [34] [35] [36] . While the use of genetically modified CD8 + and CD4 + T lymphocytes together has been shown to enhance their activity and cytotoxicity in mice [9, 37] , the combination of other immune cells bearing a CAR has yet to be tested. In addition, the antitumor effector functions of many innate immune cells when expressing a CAR have yet to be fully characterized.
One of the most commonly used methods to genetically modify T cells is through gene insertion using retroviral transduction. Previous genetic modification with the CAR in our laboratory has been performed using retroviral transduction, which facilitated stable expression of the CAR in both murine and human T cells. However, this requires a fairly arduous process of retroviral production, determining adequate virus titer and optimizing transduction of the T cells followed by functional assessment of the CAR. In addition, the efficiency of retroviral transduction relies on the rapid multiplication of cells, which could lead to some difficulties with slower proliferative cells. Furthermore, it is difficult to express DNA vectors larger than 5kb [27] using this form of genetic modification. As the Vav-CAR plasmid used in our study was 11 kb, we sought to optimize the alternative method of electroporation to genetically modify our cells with a large sized vector. We also aimed to compare the ability of three different promoters to drive the expression of a CAR using the method of electroporation. Firstly, we optimized the protocols for each cell line and demonstrated the ability of our cell lines to express the transgene GFP (Fig. 3) . We utilized flow cytometry to determine relative expression levels of GFP, since this was more sensitive than other methods such as immunofluorescence microscopy. Nevertheless, it is important to realize that other assays such as Western blotting may be useful to provide additional or confirmatory information of protein expression levels, particularly in studies of expression of non-fluorescent intracellular proteins.
We then sought to compare the level of CAR expression under the control of the Vav, LTR and CMV promoters (Figs. 4, 5a and 5b) . Low expression of the CAR under the control of the Vav promoter was observed in all cell lines (Fig. 4 and 5b) , despite having verified the expression of the Vav protein via Western Blot (data not shown). Although the ability of the Vav promoter to drive the expression of a transgene (hCD4 and Bcl-2) had been well-characterized in vivo [20, 21] , its capabilities in an in vitro setting are unknown. Moreover, while the function of the Vav protein is important in hematopoiesis in a physiologically setting, in particular the development of both B and T lymphocytes [14, 16, 17] our study utilized immortalized cell lines. Unlike naïve murine cells, immortalized cell lines can be presumed to have undergone multiple divisions and may present in what is expected to be a "terminally differentiated" state. The combination of these factors may account for the low expression observed in our results.
Previous results from our laboratory [12] have shown high level of CAR expression using the retroviral pLXSN plasmid containing the LTR-CAR in in vitro and in vivo experiments. Surprisingly, we observed a low level of CAR expression under the control of the LTR promoter (Fig. 5) . However, as the function of the LTR viral promoter requires transgene integration into genome, the transient method of electroporation may not have facilitated for the proper activity of the LTR promoter.
While empty plasmids lacking the CAR gene were not included in figures 4 and 5, the kinetic comparison of CAR expression between time points remains valid. In addition, we have not previously observed non-specific binding of the CAR-specific antibody to cells transduced with the pLXSN plasmid lacking the CAR gene, and therefore we consider it unlikely that there was any significant contribution to antimyc staining from plasmid components other than the CAR gene.
The differences in the size of the plasmids themselves also may have had an effect on the level of expression. The PMAX plasmid (CMV promoter) showed the highest expression, with a total size of roughly 4.5kb. In contrast, both pLXSN plasmid (LTR promoter) and HS21/45 plasmid (Vav promoter) showed little expression, with sizes of 7.5kb and 11kb respectively. The low expression observed in both LTR and Vav driven plasmids may have resulted from the large size of the plasmids in addition to the ability and strength of each promoter. Furthermore, although equal amounts of each DNA plasmid were included in the electroporation procedure, it should be noted that the plasmid backbones varied.
This may have resulted in differing amounts of DNA entering cells, which may also have contributed to the differing expression levels of proteins.
It was necessary to restrict our analysis of CAR expression to cell surface protein using flow cytometry, since this is where CARs exert their function. However, studies into the expression of intracellular proteins would benefit from additional assays such as Western blot.
Having established the protocol for optimal expression of the CMV-CAR in various cell lines, we performed functional studies to determine the ability of the transduced cell lines to recognize antigen-expressing target cells. Antigen-specific release of IFN- was observed from both 14.1 and CTLL-2 cells whereas IL-2 and IL-17 secretion was detected from EL4 cells when transduced with the CMV-CAR. The corresponding GFP transfected cells were found to secrete similar levels of cytokine in response to PMA/Ionomycin stimulation however no response was observed against both anti-cmyc antibody and 24JK-ErbB2, indicating the antigenspecific cytokine release was mediated through the CAR.
A marked secretion of both IFN-γ from 14.1 cells as well as IL-2 and IL-17 from EL4 cells was observed in response to the immobilized antibody anti-c-myc compared to the levels detected in response to the target cell 24JK-ErbB2. The concentration of immobilized antibody is generally much higher than the level of antigen expressed by the target cells, perhaps accounting for the large difference in cytokine secretion observed. In addition, the difference in the binding region of the c-myc antibody and the ErbB2 antigen on the CAR may have accounted for the difference in the level and intensity of receptor stimulation.
Overall, we determined that electroporation is a relatively quick and reliable method to transiently modify a number of T cell lines as well as a macrophage cell line. Using electroporation increases the efficiency and ease of selecting the best promoter able to drive transgene expression, allowing selection of the best promoter with which to perform future analysis utilizing more permanent genetic modification techniques. Our observations have relevance for future studies in adoptive immunotherapy. By screening a range of immune cells for their ability to express a functional CAR, we can select candidates suitable for stable genetic modification in a quick and rapid manner.
We have provided a screening method to select the best vector and promoter to transfect both innate and adaptive immune cells with a CAR, allowing for further functional analysis. Future studies about CAR bearing immune cells and their anti-tumoral potential may then be used to generate the most potent anti-tumoral combination of immune cells for adoptive immunotherapy.
